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Abstract. We have carried out measurements of the temperature dependence of the emission
yield of Si atoms from the Si(100) 2× 1 surfaces induced by nanosecond laser pulses of several
photon energies. The yield is plotted as a function ofE = hν −EG(T ), wherehν is the photon
energy andEG(T ) is the band-gap energy at temperatureT where the yield is measured. We find
that the Si emission yield is within the noise level forE = 0.9–1.15 eV (region I), increases to
a saturation level forE = 1.15–1.42 eV (region II) and increases further forE = 1.42–2.15 eV
(region III). The results are compared with those for GaP, GaAs and InP.

1. Introduction

Recent measurements of laser-induced atomic emissions with submonolayer sensitivity have
demonstrated defect-initiated atomic emissions from semiconductor surfaces, such as Si,
GaAs, GaP and InP [1]. The yield has been found to change as irradiation is repeated on
the same spot of the surface in a fluence range at which irradiation induces no change in
the low-energy electron diffraction (LEED) pattern [2]. This result has been interpreted
to indicate that the emission is originated from defect sites on surfaces. The yield is a
superlinear function of laser fluence [2]. The measurements of the excitation spectra in the
laser fluence range where no destruction of the LEED pattern is observed have shown that
the emission is entirely of electronic origin. These results imply that electronic excitation
leads to bond breaking of atoms associated with defects on the surfaces. Several defect
types can be differentiated from measurements of the yield change by repeated irradiation
on the same spot; the yield originating from adatom-type defects is reduced rapidly (A
component), that originating from step-type defects is reduced slowly (S component) and
that originating from vacancy-type defects increases (D component), as irradiation on the
same spot is repeated. Because of the superlinear dependence of the yield on laser fluence,
the threshold laser fluence for each component of emission can be defined. The threshold
laser fluence is the lowest for component A, and it is higher for S and D components in
that order [3]. The threshold laser fluence for the D component is designated asFD.
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Irradiation above the threshold laser fluenceFD for the vacancy-initiated emission leads
to destruction of the LEED pattern of the original reconstructed structure. Thus,FD can be
regarded as the laser ablation threshold as detected by LEED observation [2]. It has been
shown thatFD for GaP and GaAs shows a photon-energy dependence almost the same as
the macroscopic ablation laser fluence [1]. Thus, it is suggested that the bond breaking that
induces submonolayer atomic emissions is responsible for laser ablation.

The phenomenon of laser-induced atomic emissions is of basic interest [1]. The
superlinear yield–fluence relation suggests that single excitation does not result in emissions.
This result can be easily understood, because the energy required to break the bond of even
an adatom on these semiconductor surfaces is larger than the band-gap energy. For example,
the antibonding state for an adatom on a Si surface is within the continuum [4]. Photons
with energies not much higher than the band-gap energy create energetic electrons and
holes, which relax by emitting phonons to the bottom of the conduction band and to the
top of the valence band, respectively. Thus, unless the energy transfer from highly excited
electron–hole pairs to the antibonding state is effective as in metal–adsorbates systems [5],
single excitation cannot lead to emissions. The superlinear yield–fluence relation suggests
multiple excitation or high-density excitation to be the cause of emissions.

Several mechanisms have been invoked to explain the laser-induced emissions. Itoh
and Nakayama [6] have suggested that atomic emissions can be induced by localization of
two holes by virtue of lattice deformation that finally leads to removal of an atom from
the surface. According to their original suggestion, the potential barrier for reaching the
two-hole localized state is overcome because of the screening of Coulombic repulsion in
a dense electron–hole plasma. It has been suggested by Sumi [7] that a potential barrier
can be surpassed in a dense electron–hole plasma because of the degeneracy of the valence
band. Pankratov and Scheffler [8] have shown that localization of two excitons on surfaces
can be the cause of the atomic emissions. Hattoriet al [9] have suggested that the cascade
excitation of defect sites, accompanied by lattice relaxation after each excitation, is the
cause of the emissions.

The laser-induced atomic emissions described above do not involve core excitation.
Thus, the mechanism of emissions by intense laser irradiation is different from that induced
by core excitation, by which localized two holes in the valence band are generated within 1 fs
[10]. The mechanism of laser-induced emissions described above involves electron–lattice
interaction. Anderson [11] suggested that two-hole localization can occur if the Coulomb
repulsion energyECoul due to on-site localization of two holes is smaller than the lattice
relaxation energyELR gained by the localization (called negativeU ; U = ECoul − ELR).
Like the two-hole localization resulting from core excitation, localization of two holes on
the bonding orbital for a specific atom on surfaces can weaken the bond and lead to atomic
emissions [12].

One experimental clue for understanding the mechanism may be obtained from
spectroscopic studies. Measurements of the photon energy dependences of the emission
yield mainly originating from step-type defects have been carried out for GaAs(110) [13, 14],
InP(110) [15] and GaP(110) [16, 17] surfaces. In these measurements, the temperature
dependence of the yield was measured at several photon energies, and the yield was plotted
as a function ofE = hν −EG(T ), whereEG(T ) is the bulk band-gap energy at temperature
T , where the yield is measured. It has been shown that the direct band-gap semiconductors
GaAs and InP behave similarly to each other; a sharp drop in the emission yield to the noise
level is observed at nearly 100 meV below the band-gap energy and the yield is recovered
as the photon energy crosses the band-gap energy. A similar reduction occurs in GaP, an
indirect semiconductor, but the yield does not recover for about 1.5 eV above the band-gap
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energy. The reduction has been ascribed to resonant energy transfer from the excited state
of a surface defect to the bulk exciton. For GaAs, a further increase in the emission yield
has been observed at photon energies at which the excitations of electrons of the occupied
surface states become feasible, one to the bulk conduction band and the other to the surface
unoccupied states. The relevance of the increases in the yield to the transitions involving
the surface occupied state has been shown using polarization measurements; the yield is
higher when the electric vector of the incoming laser beam is polarized along the Ga–As
chain on the (110) surface.

To make clear the mechanisms of the defect-initiated laser-induced atomic emissions,
it is of particular interest to extend spectroscopic data to another indirect-band-gap
semiconductor. The purpose of the present paper is to report the experimental observation of
the excitation spectroscopy of laser-induced atomic emission from the Si(100) 2×1 surfaces,
for which the atomic [18] and electronic [19] structures have been well documented.
For detailed spectroscopic measurements, we followed the previous procedures [16] for
obtaining excitation spectra: change the temperature and laser photon energy and plot the
yield as a function ofE.

2. Experimental technique

A sample of p-type Si(100) of 5 mm× 15 mm× 0.3 mm size was mounted on a sample
holder in an ultra-high-vacuum chamber. The chamber is equipped with facilities for Auger
electron spectroscopy (AES) and LEED and was evacuated to 10−11 Torr. Clean Si(100)
surfaces were prepared by annealing at 970 K for 20 h [20]. In obtaining the excitation
spectra, the specimen was heated at several temperatures between 300 and 700 K. Heating
was performed using a tungsten filament attached to the sample holder, and the temperature
was measured using a chromel–alumel thermocouple.

The cleaned Si(100) surface was irradiated with 28 ns laser pulses generated with
an excimer-pumped dye laser. Two data points for ablation threshold atE = −0.124
(hν = 0.956 eV) and 0.25 eV (hν = 1.33 eV) were obtained using 10 ns laser pulses
generated with an optical parametric oscillator system pumped with the 355 nm third
harmonic of a Nd: YAG laser. Si atoms were resonantly excited and then ionized using
another pulsed laser beam generated from another excimer-pumped dye laser. The photon
energy of this laser beam is the same as the3P0–3P1 transition energy (4.928 eV) of a Si
atom. Ionized Si atoms were detected with a microchannel plate. Each time that the dye
was changed, the size of the laser beam for inducing emissions, typically 0.3 mm, was
estimated from images on photographic films and by measuring transmission through a slit
with variable width. Further details of the experimental technique have been described
elsewhere [9].

3. Experimental results

The yieldY versusE relation for the Si(100) 2×1 surface was obtained in the following way.
Starting from the lowest fluence available, we irradiated a surface spot with increasingly
higher fluence at room temperature, until the rapidly decaying component was eliminated.
Then the temperature dependence of the yield was measured between room temperature and
700 K. After cooling to room temperature, a new experimental run was done at another
photon energy. In changing the photon energy, we adjusted the grating for the wavelength
selector or changed dyes. When the wavelength is changed, the specimen was shifted



1478 In-Keun Yu et al

slightly so that a new surface spot is irradiated with a laser beam of new photon energy.
These processes were repeated for photon energies between 2.07 and 3.26 eV.

Figure 1. (a) The photon energy dependence of Si0 emission yield from the Si(100) 2× 1
surface as a function ofE = hν − EG(T ), wherehν is the photon energy andEG(T ) is the
band-gap energy at temperatureT . The data points include the yield versus temperature relation
obtained with several values ofhν, indicated in (b).

The Y–E relation was obtained by plotting all experimental data as a function of
E = hν − EG(T ). The result is shown in figure 1.EG(T ) obtained experimentally by
Jellisonet al [21] was used. In obtaining figure 1(a), multiplication factors were applied
to the yield so that theY–E relation falls into a single curve. This process compensates
the error mainly arising from the measurement of fluence or of the area of laser beams.
The factors used were in the range 2-4. The fact that data points obtained with different
photon energies overlap each other assures that the method used at present is appropriate.
The procedure makes is possible to obtain theY–E relation over a large dynamic range,
although an appropriate range of laser fluences was chosen for each photon energy so that
the number of emitted atoms is within the dynamic range of the detector.
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For convenience we divide theY–E relation into three regions: region I,E = 0.9–
1.15 eV; region II,E = 1.15–1.42 eV; region III,E = 1.42–2.15 eV. In region I, the
emission yield is within the noise level. We have carried out measurements for energies
as low asE = 0.3 eV, but no appreciable emission was obtained. The yield is found to
increase to a saturation value in region II. In figure 2(a), we plot the temperature dependences
obtained with several photon energies in region II. Figure 2(b) shows detailedY–E plots in
this region. In region III,Y increases continuously as the photon energy increases. Further
details of the temperature dependence in region III are shown in figure 3. Evidently, the
Y–T relations for several photon energies are nearly parallel, showing that the increase is
continuous.

Figure 2. (a) The temperature dependences of the Si0 emission yield from the Si(100) surface
induced by laser pulses of several photon energies indicated in the figure. (b) A replot of (a)
showing the relation between yield andE = hν − EG(T ) for region II.

Typical yield versus fluence relations for regions I, II and III are shown in figure 4.
Taking into account the noise level of the detector, we determined the threshold laser fluence
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Figure 3. The temperature dependences of the Si0 emission yield from the Si(100) surface
induced by laser pulses of several photon energies (region III) indicated in the figure.

Figure 4. The laser fluence dependences of the Si0 emission yield from the Si(100) surface
induced by laser pulses of 2.17 eV (region I), 2.48 eV (region II) and 2.75 eV (region II). The
power indices arem = 11, 6.4 and 5.5 for regions I, II and III, respectively.

for 2.17 eV, 2.48 eV and 2.75 eV photons as 650 mJ cm−2, 510 mJ cm−2 and 70 mJ cm−2,
respectively. For 2.17 eV photons (region I), the yield is extremely small for laser fluences
lower than 0.7 J cm−2. An extremely rapid increase observed above this laser fluence is
typical for the yield–fluence relations aboveFD [1]. Thus, it appears that no emission
due to components A and S is observed in this energy range, as is the case for GaP,
another indirect-band-gap semiconductor. Relatively moderate yield–fluence relations are
observed for other photon energies, with the power indices 5–6. These values are typical for
components A and S [1, 22]. The threshold laser fluence for 2.75 eV photons (region III)
is much lower than those for 2.48 eV (region II) and 2.17 eV photons. This result explains
the orders-of-magnitude increase in the yield asE increases, as shown in figure 1, which
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plots the results for laser fluences of approximately 0.7FD.

Figure 5. The dependence ofFD , the laser fluence above which yield–fluence relations with a
high power index starts, onE = hν − EG(T ).

We measure the laser fluenceFD at which the yield–fluence relation of high power
index starts for several photon energies. The results are shown in figure 5. The results
for E = −0.124 and 0.25 eV were obtained with laser beams of different characteristics.
Therefore these values cannot be directly compared with the other data point. We note that
there is no change inFD when the photon energy crosses the band-gap energy. The ablation
laser fluence forhν −EG(T ) < 1.42 eV (region I and II) is almost constant and it decreases
as the photon energy increases to region III. A similar correlation between the decrease in
FD and the increase in the yield has been observed for GaAs [17].

4. Discussion

According to the present spectroscopic studies of laser-induced emissions, the photon energy
dependence of the defect-initiated emission yield of Si atoms from the Si(100) surface can
be divided into three ranges: I, II and III. In region I, the emission yield is extremely
small; a similar low-yield region has been observed for the GaP(110) surface [17]. For
GaP, laser-induced emissions are observed for photons of sub-band-gap energies and the
yield is diminished at 60 meV below the band-gap energy. No increase in the yield of GaP
for photons above the band-gap energy has been detected forE < 1 eV. Suppression of
the yield has been observed also for the direct-band-gap semiconductors GaAs [14] and InP
[15], but the emission yield has nearly recovered atE = 0. The atomic emissions observed
by photons belowFD should be electronic effects, since they are observed at fluences much
smaller than the ablation threshold.

In region II, the yield shows a small stepwise increase followed by saturation. If the
factor that suppresses the emission yield in region I is removed, we expect the yield to
recover, i.e. to increase and then to saturate. Such an increase followed by saturation has
been observed for the GaAs and InP(110) surfaces, for which the suppression of the yield
is limited only below the band-gap energy. Thus we consider that the suppression of the
emission yield of Si atoms is removed atE ' 1.15 eV. The onset of the increase in the
yield coincides with the conduction band minimum at the L point. As we shall explain later,
only the excitation localized on the surface can efficiently lead to atomic emissions but that
delocalized to the bulk cannot. Thus we consider that this coincidence is accidental.
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We found that the Si0 yield is extremely small above the band-gap energy for
E < 1.15 eV. It has been shown that the Ga0 yield from the GaP(110) surface is also
extremely small betweenE = 0.1 eV andE = 1 eV, above which no measurement has
been made. Yield reductions have been observed for GaAs(110) [14] and InP(110) [15] but
are limited to sub-band-gap energy. Thus it appears that the reduction in the yield ranging
to more than 1 eV above the band-gap energy is a characteristic of the indirect-band-gap
semiconductors. Spectroscopic measurements for GaP have not been carried out to the
range where an increase in the yield is observed. However, the present results for the
Si(100) surface indicate clearly that the reduction is within a limited energy range above the
band-gap energy. The difference between direct- and indirect-band-gap semiconductors has
been ascribed to the difference between the optical absorption bands due to excitons bound
to surface defects, the energy acceptor of the resonance energy transfer [23]. Although
the optical absorption band due to excitons localized on defect sites is of resonance type
in direct-band-gap semiconductors, that for indirect-band-gap semiconductors is known to
have a tail extending over the band edge [24]. According to Dexter [25], the resonant
energy transfer rate is high in the photon energy range where the optical absorption bands
for the energy donor and acceptor overlap. Thus, the resonant energy transfer from a
defect excited state, which is considered to have a broad optical absorption band due to the
transitions to the resonant state embedded in continuum, extends over a wide energy range
in indirect-band-gap semiconductors. Thus the present results support the interpretation that
the reduction is due to the energy transfer.

The increase in the yield in region III for the Si(100) surface is analogous to the similar
increase for GaAs at 0.45 and 1.10 eV above the band-gap energy. For GaAs the increase
is ascribed to the onset of the optical transitions from the surface occupied state to the bulk
conduction band and to the surface unoccupied state. For Si, the occupied surface state
originating from the dangling bonds is located 0.3 eV below the top of the valence band
and the surface unoccupied state starts from the bottom of the conduction band [19, 26].
Thus, the transitions from the top of the surface occupied state to the bulk conduction
band and surface unoccupied state occur in the energy range where the emission yield is
extremely low. We consider that the enhancement that is effective in GaAs does not work
for the Si(100) surface because the reduction due to the energy transfer to the bulk exciton
exceeds the enhancement. According to theoretical calculation due to Pollmannet al [27]
and experimental results obtained by Johanssonet al [28], the bonding orbital of the dimer
bonds appears between 1.3 and 3.5 eV below the top of the valence band. The increase
in the yield may be ascribed to the onset of the transitions from this band to the bulk
conduction band or to the surface unoccupied state.

The mechanism of the contribution of holes in the surface occupied state to atomic
emissions is not yet clear. Conceivable mechanisms are firstly that the onset of the transitions
involving the surface occupied states increases the number of electron–hole pairs localized
on the surface and the probability of creating two-hole localization increases and secondly
that the transition probability in a defect is enhanced due to resonant coupling with the
surface transitions.

The photon energy dependence ofFD is similar to the results for other semiconductors;
FD shows little photon energy dependence near the band-gap energy and decreases in
the energy range where the emission yield belowFD increases. Thus it appears that the
laser ablation detected by high-sensitivity measurements occurs by the mechanism that is
responsible for the defect-initiated atomic emissions. It has been pointed out the emissions
of weakly bonded atoms around surface vacancies are the cause of ablation [17, 29]. The
present experimental observation is in accordance with the previous interpretation. The
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possibility that the photon energy dependence ofFD represents that of the melt threshold
cannot be entirely excluded. However, the absence of the photon energy dependence upon
crossing the band-gap energy suggests that the mechanisms of the emissions leading to the
loss of the surface LEED pattern by photons below and above the band-gap energy are the
same, at least near the band-gap energy.

Recent observations by scanning tunnelling microscopy (STM) of the Si(100) surface
have revealed a variety of defects, including steps and missing atoms [18, 30, 31]. As
for GaAs and GaP surfaces, we consider that the emissions belowFD arise from steps.
The emissions aboveFD appear to occur by vacancies or missing atoms. Indeed single
and double missing dimers, called type A and type B defects, have been found by STM
observation. It has been shown recently [31] that the so-called type C defects play a role in
buckling the dimers on the surface. These defects are misarranged dimers and are considered
to be bonded fourfold. Thus, we consider that the threshold laser fluence for the emissions
originating from type C defects is higher thanFD [1, 29]. Studies of the change in defect
morphology by laser irradiation are needed to elucidate further bond breaking associated
with specific defects. A study in this direction has been done for the Si(111) 7× 7 surface
[32].

In conclusion, the present results show that the excitation spectrum for atomic emissions
observed for the Si(100) 2× 1 surface is consistent with the results observed in other
semiconductors. The presence of a low-yield region is observed until 1.42 eV from the
band-gap energy and an increase in the yield accompanied with the reduction inFD at higher
energies is observed. The result that the low-yield region extends more than 1 eV from the
band-gap energy appears to be the characteristic of the indirect-band-gap semiconductors.
The increase in the yield and decrease inFD are considered to be related to the transitions
involving the surface states.
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